This study presents a detailed investigation into the gas phase thermal decomposition of tetrabromobisphenol A (TBBA); i.e., the most widely used brominated flame retardant (BFR). Elimination of one of the methyl groups characterises the sole dominant channel in the self-decomposition of the TBBA molecule at all temperatures. A high-pressure rate constant for this reaction is fitted to 
Introduction
Owing to their significant potentials to reduce flammability tendency of polymeric materials, brominated flame retardants (BFRs) have been widely deployed during the last few decades in numerous consumers products. 1 Tetrabromobisphenol A (TBBA) currently constitutes nearly 60 % of the world's total production and usage of BFRs. TBBA is also deployed as a reactant for the formation of other commercial BFRs. Bromine radicals formed during the degradation of TBBA delay ignition of overheated electronic and electrical devices. 2 As thermal treatment represents a mainstream strategy for disposal of materials laden with TBBA, the pyrolytic decomposition of TBBA has attracted mounting scientific attention. 3 Several experimental studies have been carried out to address the decomposition of either pure TBBA or TBBA immersed in polymeric matrices, under pyrolytic or oxidative conditions; typically in the range of 300 o C to 600 o C . [4] [5] [6] [7] [8] [9] [10] [11] Major products from the pyrolysis of TBBA include HBr, brominated phenols and benzenes, in addition to char and a wide range of brominated aromatics. Almost half of the initial bromine in the parent TBBA was found to transform into HBr. 9 The main environmental burden of using TBBA stems from the fact that, its decomposition products, such as brominated phenols, serve as building blocks for the formation of polybrominated dibenzo-p-dioxins and polybrominated dibenzofurans (PBDD/Fs). Recent experimental studies on the pyrolysis of polymers containing TBBA have reported the formation of several congeners of PBDD/Fs. 8, [12] [13] [14] Suggested mechanisms for decomposition of TBBA involve loss of HBr, successive C-Br bond fission, cleavage of the isopropylidene linkage, cross-linking condensation reaction and bimolecular reactions involving radicals and TBBA. 9 Several kinetic models were constructed to account for the overall decay of TBBA and the formation of the experimentally observed products. 15 It was proposed that, debromination and scission reactions, yielding brominated phenols, dominate the overall decomposition of TBBA.
Marongiu et al. 9 validated their semi-detailed kinetic model against several sets of experimental data. More recently, Font et al. 6 simplified the model of Marongiu et al. 9 and
presented an abridged kinetic mechanism taking into account the nature of TBBA as a backbone BFR (as BFRs form part of the polymeric material itself). Thermochemical and kinetic data of this model were frequently carried over from those of analogous species and corresponding reactions. For instance, Marongiu et al. 9 derived rate constants for the prominent reactions in their comprehensive kinetic model from the analogous gas phase reactions.
While the decomposition of TBBA mainly occurs in the condensed phase, gas phase reactions contribute significantly to the overall decomposition of TBBA. Guided by their results on the volatility of TBBA, Marsanich et al. 16 explained that, exposing TBBA to a temperature higher than its melting point (~450 K) results readily in the evaporation of TBBA. Barontini et al. 15 showed that, the evaporation of TBBA contributed significantly to the total weight loss of TBBA, at temperatures as low as 480 K. Available kinetic models were primarily formulated to describe decomposition in the condensed phase. Thus, they are not extendable to account for the decomposition chemistry of TBBA in the gas phase. A kinetic gas-phase model of the pyrolysis of TBBA differs fundamentally from a corresponding condensed-phase model. For example, bimolecular isomerisation reactions (prevailing reactions in condensed phase) are of negligible importance when compared with the unimolecularly-derived pathways in the gas phase. Furthermore, understanding the gas phase decomposition of TBBA will shed more light onto the complex kinetic phenomena occurring in the condensed medium.
To this end, this study presents a detailed theoretical account of mechanisms governing the gas phase decomposition of TBBA. The objective is to analyse, on a precise molecular basis, all pathways operating during the self-decomposition of TBBA and its bimolecular reactions with prominent radicals in the pyrolytic medium. This study follows our earlier investigations on decomposition of prominnet BFRs 17 and represents another contribution to gain further understanding into environmental impact of application of BFRs for improved fire safety of polymeric materials.
Computational Details
We have deployed Gaussian 09 18 program to perform all structural optimisations at the This value concurs with that reported literature of 87.2 kcal/mol, for the bond dissociation enthalpy (BDE) of O-H in 2-bromophenol kcal/mol. 27 Rupture of the aromatic C-Br bond requires an endoergicity of 82.8 kcal/mol. Considering the experimental BDE of C-Br in bromobenzene of 83.5 kcal/mol, 27 we deduced that, the presence of the neighbouring hydroxyl group induces no effect on the strength of the C-Br bond in the TBBA molecule.
Our calculated BDE for H 2 C-H, leading to the formation of the M2 moiety (98.9 kcal/mol), accords with the corresponding BDE in neopentane of 99.4 kcal/mol -100.3 kcal/mol. 27 The agreement between our calculated BDE estimates and the analogous literature values confirms the accuracy of the M062X theoretical approach in deriving thermochemistry pertinent to the self-decomposition of the TBBA molecule.
In Based on reaction and activation energies given in Figure 2 , we envisage that, two channels most likely dominate the initial decomposition of the TBBA molecule; namely, barrierless fission of the methyl group and the intramolecular phenolic hydrogen transfer via TS1. In order to assess their relative importance, we calculate the reactions rate constants in the high pressure limit for these two channels and fit them to modified Arrhenius expressions in the temperature range of 400 K -1500 K. Deriving a rate constant for the barrierless reaction (TBBA → M1 + CH 3 ) necessitates treatment within the framework of the variational transition state theory (VTST). The VTST minimises the calculated reaction constant as a function in temperatures and reaction coordinates. 29 Implementation procedure of VTST is described in detail elsewhere. To deploy the VTST on the (TBBA → M1 + CH 3 ) requires constructing a minimum-energy-point (MEPs) curve along the stretching of the C-CH 3 bond.
As DFT functionals are single-reference character methods, they suffer from fundamental shortcoming in describing singlet-triplet crossing involved in the C-CH 3 bond breakage.
However, implementation of a multireference-character method such as CASSAF or CASPT2 on a system as large as the TBBA molecule is prohibitively expensive computationally. Candidates of transition structures for the barrierless fission of the C-CH 3 are located at C····CH 3 separations of 2.7 Å -2.8 Å. In these structures, rotation around the C-CH 3 bond in the parent TBBA molecule transforms into stretching vibration along the C-CH 3 fission reaction coordinate.
The conventional transition state theory (TST) allows calculation of the reaction rate constant for the reaction (TBBA → M9 + Br). Table 1 documents the fitted rate constant parameters.
Clearly, fission of the C-CH 3 bond constitutes the sole important channel in the gas phase initial decomposition of the TBBA molecule at all temperatures. Our finding here differs somewhat from the behaviour of the self-decomposition of 2-chlorophenol system, 28 in which the transfer of phenolic H holds more importance than all other available channels.
The significance of the C-CH 3 bond cleavage as the most favoured initiator pathway was also highlighted by Marongiu et al. 9 In order to provide a benchmark for the accuracy of our calculated rate constant for the fission of the C-CH 3 bond, Figure 5 Figure 5 , can be attributed to the fact that the latter were adapted from analogous systems; i.e., they were not measured specifically for the TBBA system.
Sivaramakrishnan et al. 34 have recently reported a significantly lower A factor of Abstraction of bromine atoms proceeds with a reaction energy of 8.7 kcal/mol (TS_H6).
Abstraction of a methyl group via TS_H8 involves the highest activation energy (30.6 kcal/mol) among the initial TBBA + H channels. Based on these parameters, Figure 7 portrays the branching ratios for all channels. The Table 1 reveals that, the exclusion of a methane molecule is significantly more important than the intramolecular migration of hydrogen and the direct C-C bond cleavage. Figure 8 shows a schematic of plausible reactions of the TBBA molecule with a Br atom.
Reactions of TBBA with bromine atoms
These reactions were also suggested by Barontini et al., 15 in their mechanistic analysis of the TBBA pyrolysis. Scission of the isopropylidene linkage via bromine addition at an ipso site produces 2,4,6-tribromophenol molecule and the M4 radical. This reaction occurs through an energy barrier of 14.3 kcal/mol (TS_Br2). Hydrogen abstraction from the methyl moiety, hydroxyl group and the aromatic ring requires activation energies of 11.8 kcal/mol, 7.1 kcal/mol and 23.1 kcal/mol, respectively. The ordering of these barriers is in line with the corresponding bond dissociation energies of C-H and O-H. The kinetic parameters listed in Table 1 reveal the competitive nature of the H abstraction from methylic and hydroxyl groups at temperatures higher than 800 K, and less importance of the fission of the isopropylidene bridge at all temperatures. Our finding here differs from the interpretation of Barontini et al. 15 with regard to the potential formation of brominated phenols via Br-induced addition at the edge of the isopropylidene linkage. Despite of our best attempts, we were unable to locate transition structures for addition of Br atom to aromatic rings in the TBBA molecule.
In fact, halogens react with aromatic compounds mainly via H-abstraction channels, even at low temperatures.
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Reactions of TBBA with the methyl group
As shown in Figure 9 , reactions of the TBBA molecule with a methyl radical branch into six pathways. Abstraction of a hydroxyl H characterises the most favourable pathway with a trivial activation energy of 8.9 kcal/mol and an exothermicity of 15.0 kcal/mol. Calculated reaction rate parameters for the six TBBA + CH 3 channels in Table 1 confirm the dominance of this pathway at all temperatures. Abstraction of methyl H atoms and additions to the aromatic ring are predicted to be of negligible importance at all temperatures.
The intermediate M5 represents a main product from bimolecular reactions of TBBA with Br and CH 3 radicals. The apparent fate of the phenoxy-type radical of M5 is to undergo a ring contraction/CO elimination mechanism to yield a five-membered-ring structure in analogy to the well-established mechanism involving phenoxy radicals. 37 Detection of small amounts of CO/CO 2 during the pyrolysis of TBBA supports the occurrence of the ring contraction/CO elimination mechanism.
Additionally, the fate of the M5 moiety is controlled by two competing reactions:
Hydrogen transfer from the methyl group and subsequent fission of the C-C bridge via TS8
requires an activation energy of 59.8 kcal/mol. Alternatively, direct β C-C bond fission occurs through TS9. Activation energy associated with TS9 amounts to 53.2 kcal/mol.
Products from TS8 and TS9 reside 26.6 kcal/mol and 50.1 kcal/mol above M5, respectively.
Barriers of these two reactions are close to the overall barrier of the competitive contraction/CO elimination mechanism (58.0 -62.0 kcal/mol). As evident from the calculated reaction rate constants in Table 1 , direct scission of the C-C linkage through TS9 outpace the intramolecular hydrogen migration by several orders of magnitude, at all considered temperatures.
Conclusions
We have developed a new mechanism for the initiation reaction of the pyrolysis of tetrabromobisphenol A. We have derived thermochemical as well as mechanistic and kinetic parameters related to the self-decomposition of TBBA and its bimolecular reactions with H, Br and CH 3 radicals. A loss of a methyl group, followed by the β C-H bond cleavage, marks the most preferred pathway in the unimolecular decomposition of TBBA. The previously proposed fission of the isopropylidene linkage appears of negligible importance at all Figure S1 , Cartesian coordinates, total energies and vibrational frequencies for all structures.
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